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Abstract 

The objective of this research was to determine the effects of elevated concentrations of carbon dioxide (CO2) and 
sulfur dioxide (SO2) on field-grown soybean. Soybeans (Glycine max L. Merr. cv. "Essex) were grown a full-season in 
open-top field chambers exposed to either ambient (350 #l L -j) or elevated CO2 (500 #l L -j) levels under two levels of 
SO2 (0.00 and 0.12 #l L-t). Enriched CO2, with or without SO2 treatments, significantly increased net photosynthesis 
rates, leaf area index (LAI; in R4 growth stage) and leaf dry weight, but did not significantly affect stomatal resistance, 
transpiration rates, leaf area, plant height, total biomass or grain yield. Elevated SO2 treatments significantly decreased 
photosynthesis and LAI during pod fill stages, but did not significantly affect stomatal resistance, transpiration, total 
biomass, plant height or grain yield. Sulfur dioxide inhibited growth and development (i.e., LAI) during canopy coverage 
before any effects on photosynthesis were detected. The interactive effects of CO2 and SO2 treatments on the gas exchange 
parameters were significant during pod fill, where high SO2 reduced photosynthesis at ambient CO2 but not under 
elevated CO2. Leaf area index values were likewise reduced by SO2 exposure under ambient CO2 during late flowering 
and pod fill stages. Thus, enriched CO2 under high SO2 exposure partially compensated for the negative impact of SO2 
stress on PS and LAI during the pod fill stages, © 1997 Elsevier Science B.V. 
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I. Introduction 

Global carbon dioxide (CO2) concentrations 
have increased from about 290/A L-1 in the late 
1800's to current levels of around 350 #1 L -I [6, 
15]. Atmospheric CO2 concentrations are currently 
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increasing by about 1% annually. Projected 
increases are for a doubling of C O  2 concentration 
within the next century [6, 10, 17]. 

It is well recognized that atmospheric CO2 enrich- 
ment has a positive physiological impact on plants 
[7, 21, 30]. Several studies using controlled environ- 
ment chambers have shown that CO2 may com- 
pensate for sulfur dioxide (SO2)-induced leaf injury 
[3, 8, 11, 26, 28, 34, 38]. However, only a few field 
studies involving interactions of CO2 enrichment 
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and stress induced by SO2 have been reported [32, 
34]. The responses of plants to the 'greenhouse' 
environment, i.e. the simultaneous effects of elev- 
ated CO2 and increased air pollution are not well 
recognized, although such information is essential 
for a proper prognosis of the impacts of climate 
changes on agriculture [1]. 

Previous reports on physiological and yield 
results from CO2 and 03 interaction investigations 
using open-top chambers (OTCs) on crop plants 
(e.g. soybean, wheat, corn and cotton) suggest that 
increasing the atmospheric CO2 concentration to 
500 #1 L-m partially overcame O3-induced 
reductions of photosynthesis (PS) and yield loss 
caused by current ambient levels [4, 31, 32]. The 
objective of the current study was to determine the 
interactive effects of CO2 enrichment on chronic 
low-level SO2 stress concerning physiological 
responses of soybean cv. 'Essex' in the field. Specific 
objectives were to determine the combined effects 
of these gases on leaf characteristics such as leaf gas 
exchange, leaf area index (LAI), plant height and 
growth, and grain yields, and to test the hypothesis 
that elevated CO2 ameliorates the detrimental 
effects of SO2 stress by altering the physiology of 
the plant. 

2. Materials and methods 

Field studies using OTCs were conducted during 
the summer months of 1991 at the USDA Beltsville 
Agricultural Research Center, South Farm, Belts- 
ville, Maryland. 

Soybean (Glycine max.  L. Merr. cv. 'Essex') seeds 
were planted in 4 m x 5 m plots in rows 0.5 m 
apart on 4 June 1991. Shortly after emergence, with 
primary leaves unfolded, seedlings were thinned to 
approximately 0.1 m within rows (between-plant 
distance). This produced a stand density of approxi- 
mately 20 plants m -2 (200 000 plants ha -L) for each 
chamber. 

Cultural practices and OTCs were described earl- 
ier [13, 18, 24]. Once plant stands were established 
(V1; i.e. fully developed leaves at unifoliolate 
nodes), OTCs (3 m in diameter and 2.5 m in height) 
were placed over the plot areas on 21 June. Treat- 
ments were started on 2 July. All OTCs had blowers 

equipped with carbon-filters (CF) and particulate 
filters. The chambers were supplied about three 
changes of air per minute. The blowers were in 
operation 24 hr day-t until senescence of plants in 
late October. 

The study examined the effects of 500 /zl L -l 
CO2 (the CO2 concentration projected for the mid- 
twenty first century) [6] in combination with SO2 at 
0.12/~1 L-  1 (potentially toxic effects over long term 
exposure) [14]. The experimental design was a 2 x 2 
factorial of CO2 and SO2 treatments arranged in a 
randomized complete block design [12]. 

The following SO2 and CO2 treatments were 
used: (1) low-SO2 (CF air) and ambient-COff350 
/A L-l); (2) high-SO2 (CF+0.12 #1 L -~ SO2) and 
ambient-CO2; (3) low-SO2 (CF air) and enriched 
CO/[CF air + 150/~1 L -m CO2 (500/tl L-l)]; and 
(4) high-SO/(CF+0.12 pl L -m SO/) and enriched 
CO2 (CF air + 150 #1 L-~ COz). All treatments were 
replicated three times; hence, twelve OTCs were 
used. The elevated CO2 treatments were applied 12 
hr day -~ (0600 to 1800 EST) 7 day wk -~, for a 
total of 82 days. The elevated SO/treatments were 
applied 5 hr day -~ (1000 to 1500 EST), 5 day wk -~, 
for a total of 56 days. The SO2 was added Monday 
through Friday, except on days with rain (4 days). 
The CO2 and/or SO/treatments were supplied as 
cylinder gases (C.P. grade, 99.8%) purchased from 
commercial sources (Air Products, Inc., Allentown, 
PA). The flow rates for each chamber treatment 
were regulated by flow meters and were adjusted 
daily. Treatment gases were delivered to each cham- 
ber via separate Teflon ~ tubes (6.4 mm O.D.) for 
each gas and injected into the blower that mixed the 
gases with CF air prior to entering the chambers. 
Teflon R air sample lines were placed in the center 
of each chamber near the top of the plant canopy 
to monitor the treatment SO2 and CO/levels on an 
hourly basis during the injection periods. A solen- 
oid-valve switching system was used to alternately 
monitor air samples from each chamber. Chamber 
CO2 concentrations were measured using an infra- 
red gas analyzer (Model No. LIRA MSA 3200, 
Mine Safety Co., Pittsburgh, PA). The SO/con- 
centrations were measured using a pulsed flu- 
orescence SOz analyzer [Model No.43, Thermo 
Electron Corp (TECO), Franklin, MA]. A TECO 
Model 143 SO2 permeation tube calibrator system 
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was used to calibrate the SO 2 analyzer at least once 
a week. The Maryland State Environmental Agency 
audited the SO2 monitors at the field site, ensuring 
that they met EPA accuracy and performance stan- 
dards. 

The chamber air treatments were terminated 
when plants reached growth stage R8 (i.e. 95% 
of the pods reached their mature pod color). The 
blowers operated until seed harvest to facilitate 
drying. 

Net photosynthesis (PS) and stomatal resistance 
(RS) rates were measured using a model NO. LI- 
6200 portable PS system (LI-COR, Inc., Lincoln, 
NE). Details on gas exchange measurement tech- 
niques were described previously [24, 32]. Measure- 
ments were made on cloud-free days near the solar 
zenith. Three randomly selected plants per chamber 
were examined. PS and RS determinations were 
made on middle leaflets of fully expanded trifoliates 
located on the third or fourth node of the main stem 
below the apex. Gas exchange data were collected at 
several growth stages (V5, R1, R2, R4, R5, R6) on 
a weekly or biweekly basis. 

Effects of treatments on growth were determined 
by measurement of accumulated biomass of various 
organs, leaf area index, and plant heights. Accumu- 
lated biomass was determined on plants harvested 
during the latter phase of pod fill (R6 stage). To 
eliminate ~edge-effects' in the chamber, 10 plants 
from the four center rows per replicate treatment 
were harvested, i.e. cut at the hypocotyl, from which 
the following organs were harvested: leaves, stems, 
and pods. Data were collected on site for pod 
number, fresh weight and leaf area. Leaf areas were 
determined using a leaf area meter (Model No. 
LI-3100; LI-COR Inc., Lincoln, NE). All organ 
samples were oven-dried for 48 hr at 70°C and 
weighed. 

Non-destructive leaf area index (LAI) values 
were measured on several dates throughout the sea- 
son using a plant canopy analyzer (Model No. LAI- 
2000, LI-COR, Inc., Lincoln, NE). The instrument 
computed LAI from measurements of the incoming 
solar diffuse radiation, above and below the 
canopy, at five different angles simultaneously. 
Duplicate measurements were taken from each 
chamber treatment, with each measurement being 
a mean of four individual readings sequentially 

taken at ground level from the base of one row to 
an adjacent row having a 45 ° degree angle path. 

Plant heights were determined at four growth 
stages (V7, VI 0, V11, and R2). Measurements were 
taken from the cotyledonary node to the uppermost 
node with a fully developed leaf on the main stem. 
Three plants per chamber were selected at random 
on each date; thus, each mean represents the aver- 
age of 9 plants per treatment. Grain yields at 
maturity were determined by harvesting 40 com- 
parable plants from each chamber and threshing 
on-site using a small-plot thresher. The air-dry 
grain samples were weighed for yield deter- 
mination. Seed weights per 100 seeds were esti- 
mated by determining the weights of 1000 seeds and 
dividing by 10. 

Data were analyzed using SAS procedures for 
individual dates and combined over time. Analysis 
of variance (ANOVA) was carried out using the 
average values per replicate treatment; these data 
were used by SAS to test main and interactive 
effects. Main effect means and interactive effect 
means were separated using least significant differ- 
ence (LSD) comparisons when ANOVA's F-tests 
were significant (P < 0.05). 

3. Results 

3.1. Air quality, environmental conditions and foliar 
injury 

General environmental conditions at USDA- 
BARC during May through August 1991 and the 
longer-term averages (1970-1990) are summarized 
in Table 1. Total rainfall amounts for May through 
August 1991 were 33 % of the longer-term averages 
at Beltsville, Maryland. Monthly air temperatures 
May through August, 1991 were approximately 2°C 
above the longer term values. Ambient air in Mary- 
land during 1991 summer months had mean 03 
concentrations for 10 hr (0800-1800 hr) that aver- 
aged 0.06+0.005 pl L -1 0 3 [31, 32]. In 1991, the 
average ambient concentration of SO, during the 
summer months was 0.006 #1 L-~. This values is 
below the established air quality standard (0.03/~1 
L- l 802)" 

The high moisture holding capacity of the 
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Table 1 
Summary of total precipitation, means of daily temperature and solar radiation levels at USDA-BARC from May through August for 
1991 and longer-term exposure (1970 to 1990) 

May June July August Avg. June-August 

Precipitation (cm) 1.7 4.1 3.8 2.6 12.2 
tLonger-term avg. 9.7 9.9 10.5 12.0 42.1 

Air Temperature (°C) 20.9 22.8 25.2 24.4 23.3 
*Longer-term avg. 16.6 21.3 24.0 23.3 21.3 

Solar Radiation (MJ m -2) 668 621 566 574 607 

tAverage (1970-1990): data obtained from Climatology of Maryland and Delaware, Department of Commerce, NOAA, Vol. 96, 1992. 

Cordors silt loam soil provided near adequate 
moisture levels for normal growth of the plants even 
though precipitation amounts and frequency were 
substantially below the longer-term amounts for 
the region. Supplemental irrigations approximately 
2.5 cm each were provided on several occasions to 
prevent problems with moisture stress; however, 
general symptoms of moisture stress were typically 
absent within the plant canopy at all times. The 
irrigations were normally applied late in the after- 
noons following terminations of the daily SO2 treat- 
ment to avoid problems with SO2 forming H2SO 4 

on the wet foliage. 
Evidence of SO2 injury to foliage in the high 

SO2 treatment chambers was present on a single 
occasion in mid-July. The SO2-induced leaf injury 
was largely absent during August as the plants 
matured. The upper leaves in the canopy were typi- 
cally free of symptoms within two weeks as new 
leaves appeared above the site of SO2 injury as 
described by Rudorff et al. [32]. 

3.2. Leaf photosynthesis 

Comparisons of main effect means for CO2 and 
SOs and their interactions within the growing sea- 
son for photosynthesis (PS), stomatal resistance 
(RS) and transpiration (TR) at vegetative and 
flowering to pod filling stages are shown in Table 
2. Means were combined over three dates during 
the vegetative/flowering stages (i.e. V5, R 1, and R2) 
and three dates during reproductive stages (i.e. R4, 
R5, and R6) during pod fill. Plants treated with 
elevated COs consistently exhibited significantly 
increased net PS rates throughout the growing 

season, averaging 25.1% above those for the CF 
control in the absence of SO2, and 33.4 % in the 
presence of SO2. This CO2 stimulation of PS was 
observed in all stages. Photosynthetic response to 
elevated SO2 was non-significant (P>0.05) during 
pre-pod fill stages; however, combined over dates 
during pod fill stages, the PS rate for the CF + SO2 
treatment averaged 17.2%, lower than that for CF 
air alone, which was significant at the 5% level. 
When combined over three dates during pod fill, 
the PS rates showed interactive effects with SOz 
exposures (Table 2). During pod fill, the negative 
impacts of SO2 stress on PS were significant 
(P<0.05) at ambient CO2, but insignificant 
(P > 0.05) in the high CO2 treatment. 

3.3. Growth, biomass and grain yield responses 

Leaf area index (LAI) values were determined 
using a non-destructive method (Table 3). Data 
presented on LAI for 4 measurement dates (V6, R 1, 
R4 and R6) were normalized to the carbon filtered 
(350/A L-L CO2) with no SO2 added. Elevated CO2 
alone significantly increased LAI values at growth 
stages R1, R4, and R6. Elevated SO2 alone sig- 
nificantly decreased LAI at growth stages R1 and 
R4. Elevated CO2, combined with elevated SO2 sig- 
nificantly decreased the detrimental effect of SO2 
alone by increasing LAI at growth stages V6, R1 
and R4. Elevated CO2 significantly increased LAI 
about 3% at low SO2 and by 5-10% at elevated 
SO2. 

Leaf area, leaf dry weights (DW), plant heights 
(at R2 stage), total plant dry biomass (leaf, stem 
and pod) and grain yield results are shown in Table 
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Table 2 
Effects of CO2 and SO2 treatments on net photosynthesis (PS, #mol m -2 s-~), stomatal resistance (RS, s cm- ' ) ,  and transpiration (TR, 
/zmol m 2 s-  1) at vegetative and flowering to pod filling stages 

Treatments 

COs 

tLate Vegetative-Flowering ~Pod Fill 

SO2 PS RS TR PS RS TR 

CO2 Means Combined Over SO2 Treatments 
350 ~1 L ~ CO2 23.2 b" 0.221 5.23 21.5 b 0.507 2.94 
500 #1 L .L CO2 29.2 a 0.234 4.95 28.6 a 0.520 2.71 

~SO2 Means Combined Over COs 
350 #1 L -L CO2 26.0 0.226 5.35 26.2 a 0.462 3.06 
350/zl L -i CO2 SO: 26.3 0.229 4.83 23.7 b 0.565 2.59 

COs and SOs Interaction Means 
350/zl L i CO2 CF (i.e. low SOs) 23.0 b 0.209 5.59 23.3 b 0.427 3.10 
350/~1 L -I CO2 C F +  high SO2§ 23.3 b 0.233 4.87 19.7 c 0.586 2.77 
500 #1 L -I COs CF (i.e. low SO2) 28.9 a 0.242 5.10 29.0 a 0.496 3.02 
500 #1 L ~ COs C F +  high SO2 29.4 a 0.225 4.80 27.7 a 0.543 2.40 

*Means followed by the same letters within a column are not significantly different at P < 0.05. 
*The late vegetative-flowering represented measurements at V5, R1, and R2 (n = 18) growth stages. 
~Pod fill represented measurements at R4, R5, and R6 (n = 18) growth stages. 
~SO: treatments were at 0.12 ~1 L -~ for 5 hr day L 5 days a week. CF=charcoa l  filtered air. 

Table 3 
Relative effects of CO2 and SOs treatments on LAI normalized to the charcoal-filtered air chambers with no SO2 added for 4 
measurements during vegetative-flowering and pod fill stages. 

Treatment Day 207 Day 210 Day 219 Day 226 
Stage of Development 

(V6) (RI) (R4) (R6) 

% of  Control 
CO2 Treatment Means 

350 #1 L-lCO2 97 95 a* 98 a 102 a 
500 #1 L~COs 102 101 b 103 b 116 b 

~SO2 Treatment Means 
CF 102 100 b 102 b 108 a 
C F + S O  2 98 94 a 99 a 110 a 

CO2 and ~SO2 Interaction Means 
350 #1 L -I COsCF *100 ab *100 b *100 b *100 
350 ~1 L -1 COsCF+SOs  95 a 90 a 96 a 102 
500 #1 L "~ CO2CF 103 ab 101 b 104 c 115 
500 ,ul L-'COsCF + SO2 101 b 100 b 102 b 118 

"Within a column, values having a letter in common are not significantly different at p < 0.05. 
*100% values were 4.6. 5.9, 7.1, and 6.0 m 2 leaf/m 2 soil for days 207, 210, and 226, respectively. 
~SOs treatments were at 0.12/~1 L ~ for 5 hr day-% 5 days a week. CF =charcoal  filtered air. 
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Table 4 
Effects of COz and SO2 treatments on plant growth, biomass, and grain yields. 

Treatment Leaf Area Leaf DW Height "Total Biomass Seed Wt 100 Seed 
dmZ/plant g/plant cm g/plant % of control Wt g 

350/zl L-ICO2 28.9 
500/zl L-ICO2 29.9 

CF 30.9 
CF + SO2 28.0 

350/A L -1 CO2CF 29.3 
350 pl L -t CO2CF+SO 2 28.4 
500 ,ul L -I COzCF 33.4 
500/~1 L -1 CO2CF+ SO2 27.6 

CO2 Treatment Means 
18.4 b* 101 49.0 89.9 13.9 
22.2 a 98 55.6 100.3 14.0 

~SO2 Treatment Means 
21.5 99 56.1 97.7 14.2 
19.0 101 48.6 92.1 13.7 

CO2 and *SO2 Treatment Means 
18.9 b 100 49.7 tl00.0 14.5 
17.9 b 102 48.3 79.4 13.2 
25.3 a 97 65.8 95.5 13.8 
20.2 b 100 48.9 105.1 14.2 

*Within a column, values having a letter in common are not significantly different at p < 0.05. 
"Dry weight of seeds, pods, stems, and leaves at pod maturity. 
tCharcoal filtered air chambers = Control, 31.6 g/plant. 
~SO2 treatments were at 0.12/zl L ~ for 5 hr day -~, 5 days a week. 

4. Plants treated with elevated C O  2 exhibited sig- 
nificantly increased leaf DW in the absence of SO2 
exposure, averaging 34% above that of the CF con- 
trol, but leaf DW was not significantly increased 
(i.e. only 7%) in the presence of SO2. Elevated SO, 
alone did not significantly affect leaf DW. Leaf DW 
for the CF+SO2 treatment averaged 5.3% below 
that for CF air alone (Table 4). Leaf dry weight 
(DW) values were significantly increased in the elev- 
ated CO2 plots. Plant heights (at R4 stage) appeared 
unaffected by treatments; however, leaf area and 
total plant biomass exhibited trends for higher 
values under elevated CO, alone which is consistent 
with the LAI data. 

Seed yields presented as % of control with the 
ambient CO2 and low SO2 treatment set at 100 
(Table 4) showed that elevated CO2 failed to pro- 
duce significant gains in grain yield. Plants in the 
CF + CO2 treatments alone experienced some lodg- 
ing during early pod fill which likely contributed to 
variation in the biomass and grain yield results. 
No significant CO2 or SO2 effects were observed 
regarding seed yield. Also, there were no interactive 
effects of CO2 and SO2 treatments on seed yields. 

In the present study, SO2 at 0.12/zl L -~ showed 
only a tendency to reduce biomass and grain yields. 
Except for PS, LAI and leaf DW, the interactive 

effects of CO2 x SO2 on growth and physiological 
responses were generally non-significant. S O  2 fumi- 
gations in July, during that vegetative stage, affec- 
ted LAI but not PS. 

4. Discussion 

Increasing concentrations of CO2 in the atmo- 
sphere are known to increase the rate of PS and to 
reduce photorespiration in most plants, especially 
C3 plants [30, 39] while SO2 exposure is known to 
reduce net PS [11, 20, 35]. The literature also reveals 
that chronic SO2 exposures may either inhibit or 
stimulate gas exchange, depending on exposure 
dose and species involved [5, 37]. Such diverse 
reports indicate that it is very difficult to make 
generalizations about the effects of SO2 on gas exch- 
ange processes. Muller et al. [25] exposed field- 
grown soybean (cv. Wells) to 24 fumigations 
throughout the season with 0.117 ktl L-  ~ SO2 treat- 
ments, finding results similar to ours, i.e. 0.117/tl 
L-~ SO2 treatments did not reduce PS. Carlson and 
Bazzaz [9] showed that elevated CO2 reduced the 
sensitivity of various plant species to SO2 damage. 
As in a previous study [24] the current study showed 
that elevated CO2 enrichment stimulated PS rates. 



E. H. Lee et al. / Environmental and Experimental Botany 37 (1997) 85-93 91 

Similar results in terms of a counteracting effect of 
CO2 against SO2 stress on PS were also observed in 
soybean (cv. William) by Sandhu et al. [34] and in 
Chlorophytum comosum [26]. High PS rates 
observed under enriched-CO2 were possibly the 
result of reduced photorespiration [19]. Black [3] 
suggested that protection against SO2 may be owing 
to stomatal closure as COs is increased, but other 
internal factors owing to enhanced PS could also 
offer enhanced resistance through metabolic use of 
SO2 or repair of damage that might be cause by SOs 
[1]. Rao and De Kok [28] reported that combined 
exposure of wheat (cv. Urban) to high CO2 (700 #1 
L-~) prevented negative effects of high SO2 (0.14 #1 
L-l). A significant increase in ascorbate and glu- 
tathione levels and in their redox states was 
observed in plants exposed to high CO2 and SO2, 
compared with plants exposed to SO2 alone [28]. 
Kropff [16] measured the effect of SO2 (<0.1 /~1 
L -1) on PS at different CO2 concentrations while 
analyzing the contribution of stomatal and non- 
stomatal factors to PS inhibition. Stomatal resist- 
ance was not directly affected by SO2 fumigation, 
but was indirectly attached as a result of a feedback 
loop between net PS and internal CO2 concen- 
tration. 

Our data showed that combined over three dates, 
both during pre-pod fill and pod fill stages, RS 
and TR were not significantly affected by the CO2 
enrichment treatments (Table 2). We expected that 
increasing the CO2 concentration by 150 /A L- 
would cause increased RS and decreased TR rates 
(e.g. Mulchi et al. [24]), but Table 2 shows that the 
effects were minimal and non-significant. However, 
water-use-efficiency was likely increased in plants 
receiving elevated CO2 both in the presence and 
absence of SOs (e.g. Sage and Reid [33]). Con- 
sidering that the RS and TR values (Table 2) were 
not significantly affected by the SO2 exposure, we 
suggest that the results are consistent with the 
ability of the 'Essex' soybean cultivar to metabolize 
phytotoxic sulfite to the less toxic sulfate, as sug- 
gested by Miller and Xerikos [23] rather than by 
excluding it from leaves. 

Stomata are known to play an important role in 
mediating the response of plants to air pollutants 
by affecting SOs uptake (e.g. Rennenberg and Polle 
[29]). However, stomatal responses to SO2 are very 

complex. The effect of SO2 depends on such factors 
as air humidity, light intensity, physiological 
activity of tissue, and pH value inside plant cells 
(e.g. Niewiadomska and Miszalski [26]). There is 
no simple pattern of stomatal response to SO2, and 
many of the apparent inconsistencies in results on 
gas exchange may be explained by the complexity of 
SO2/stomatal interrelationships, in which stomatal 
responses are modified by many factors ([e.g. Black 
[4]). Niewiadomoska and Miszalaski [26] suggested 
that the CO2 protecting effect against SO2 does not 
depend on the rate of SO2 penetration into the leaf. 
Spedding [36] suggested that humidity influenced 
the assimilation of SO2 when the stomata were 
closed and that the gas entered the plant tissues 
through the cuticle. 

Effects of CO2 and SO2 on total chlorophyll con- 
centration (CHL), specific leaf weight (SLW) and 
photochemical efficiency (Fv/Fm) in soybean (cv. 
Essex) were reported earlier [32]. Those data 
showed that FdFm was not significantly affected by 
CO2 or SO2 treatment during pod filling stages. It 
is noteworthy that the reductions in CHL were of 
similar magnitude under the two CO2 environ- 
ments, suggesting that the PS results in response to 
SO2 were likely not caused by differential reductions 
in CHL. The differential responses of SO2 on PS 
rates under the two CO2 environments may be 
explained by a delay in the senescence process 
caused by elevated CO2, which would be most 
apparent during pod filling. Rudorff et al. [31] also 
observed that the CO2 factor had no influence on 
PSII in wheat. 

Our results failed to find a significant effect of 
elevated CO2 on either dry matter yield or seed 
yield. This is very much against expectations for 
soybean which has been suggested to be one of the 
more responsive crops [2]. Prior and Rogers [27] 
showed a significant increase in yield under water 
stressed and well-watered conditions. The failure to 
find significant CO2 responses for growth and grain 
characteristic, is likely owing to variability intro- 
duced by lodging in the CF+CO2 treatments, 
especially during pod fill. This resulted in some of 
plants being covered by thick vegetation thereby 
producing smaller seeds. The LAI data were also 
disrupted during the pod fill stage by lodging of 
plants in the CO2 enriched plots. 
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Recently, Tausz et al. [38] studied physiological 
responses of  spruce trees to elevated CO2 (0.8 mL 
L -~) and SO2 (0.06/zl L -~) for three months. They 
also noted that all effects of  SO2 and CO2 were 
independent of  each other, i.e. significant 
SO2xCO:  interactions on gas exchange and 
biomass were not observed. Studies conducted on 
soybeans by Miller et al. [22] revealed that several 
cultivars apparently tolerated cumulative SO2 dos- 
ages up to 0.10/zl L -  ~ with some showing beneficial 
effects at very low exposure concentrations. The 
'Essex' cultivar used in the present study appears 
to exhibit SO: tolerance somewhat similar to that 
of  N K  1492 used by Miller and colleagues (1979) 
[22]. The low level of  SO: reported for Maryland 
during the summer monthly 24 hr average (0.006/zl 
L - j  SO2) suggests that soybean cultivars having 
tolerance levels comparable to 'Essex' cultivar 
would likely not show significant losses in biomass 
yields in response to SO2 air pollution; however, 
there could be some interactive effects between 03 
and SO: on soybeans as suggested by Heggestad et 
al.'s [14] earlier studies with the Essex cultivar. 

5. Conclusion 

Leaf  PS, leaf DW (during pod fill), and LAI 
(during canopy development) were significantly 
increased under enriched CO2. Total  biomass and 
grain yields were not significantly affected by CO2, 
which may relate to lodge of plants in high CO= 
plots. Plants grown under elevated SO2 had 
decreased PS and LAI during pod fill stages, but 
nonsignificant trends for lower leaf characteristic, 
biomass and yields were found. Elevated CO2 par- 
tially reduced the negative effects of  SO2 stress. The 
SO2 treatment at ambient CO2 conditions reduced 
LAI during canopy coverage but effects were not 
significant later in the growing season.  Although 
the grain data failed to show significant effects of  
CO2 and SO2 treatments, the PS and LAI results 
during pod fill stages did support  the hypothesis 
that elevated CO2 partially inhibits the damaging 
effects from modest exposure to SO2. Cultivar sen- 
sitivity to SO2 may alter such support  concerning 
CO2 × SO2 interactions. 

Acknowledgements 

The authors thank Joyce Collins for her technical 
assistance. We also thank S.J. Britz, J.A. Bunce, 
C.D. Foy, D.T. Krizek, S.V. Krupa,  H.E. Hegge- 
stad, J.E. Miller and H.H. Rogers, for their critical 
reviews and comments on our original manuscript. 

Mention of  a product does not constitute a 
guarantee or warranty by the USDA or the Uni- 
versity of  Maryland, nor does it imply endorsement 
of  it to the exclusion of  other products. 

References 

[1] Allen L.H. Jr. (1990) Plant responses to rising carbon diox- 
ide and potential interactions with air pollutants. J. Environ. 
Qual. 19, 15-34. 

[2] Amthor J.S., Mitchell R.J., Runion G.B., Rogers H.H., 
Prior S.A. and Wood C.C. (1994) Energy content, con- 
struction cost and phytomass accumulation of Glycine max 
(L.) Merr and Sorghum bicolor (L.) Moench grown in elev- 
ated CO2 in the field. New Phytol. 128, 443-450. 

[3] Black V.J. (1982) Effects of sulphur dioxide on physio- 
logical processes in plants. In: M.H. Unsworth and O.P. 
Ormrod, eds., Effects of Gaseous Pollution in Agriculture 
and Horticulture. Butterworth, London, pp. 67-91. 

[4] Black V.J. (1985) SO2 effects on stomatal behavior. In: W.E. 
Winner, H.A. Mooney and R.A. Goldstein, eds., Sulfur 
Dioxide and Vegetation. Stanford University, Stanford, CA, 
pp. 96-132. 

[5] Black V.J. and Unsworth M.H. (1979) Effects of low con- 
centration of sulfur dioxide on net photosynthesis and dark 
respiration of Vicia faba. J. Expt. Bot. 31, 473-483. 

[6] Boden T.A., Kaiser D.P., Sepanski R.J. and Stoss F.W. 
(eds). (1994) Trends93: A Compendium of Data on Global 
Change. Carbon Dioxide Information Analysis Center, Oak 
Ridge National Lab., Oak Ridge, TN., Publ. No. 
ORNL/CDIAC-65. 

[7] Bowes G. (1993) Facing the inevitable: Plants and increas- 
ing atmospheric C02. Ann. Rev. of Plant Physiol. and Plant 
Mol. Biol. 44, 309-332. 

[8] Carlson R.W. and Bazzaz F.A. (1982) Photosynthetic and 
growth responses to fumigation with SO2 at elevated CO2 
for C3 and C4 plants. Oecolooia 54, 50-54. 

[91 Carlson R.W. and Bazzaz F.A. (1985) Plant response to 
SO2 and CO2. In: W.E. Winner, H.A. Mooney and R.A. 
Goldstein, eds., Sulfur Dioxide and Vegetation. Stanford 
University Press, CA, USA, pp. 313-331. 

[10] Cure J.D. and Acock B. (1986) Crop responses to CO2 
doubling: A literature survey. Aor. and Forest Meteor. 38, 
127-145. 

[11] Darrall N.M. (t989) The effect of air pollutants on physio- 



E. H. Lee et al. / Environmental and Experimental Botany 37 (1997) 85-93 93 

logical processes in plants. Plant, Cell and Environ. 12, 1- 
30. 

[12] Gomez K.A. and Gomez A.A. (1984) Statistical Procedures 
For Agricultural Research, John Wiley and Sons, New 
York, pp. 1-680. 

[13] Heagle A.S., Body D.E. and Heck W.W. (1973) An open- 
top field chamber to assess the impact of air pollution on 
plants. J. Environ. Qual. 2, 365-368. 

[14] Heggestad H.E., Bennett J.H. and Douglass L.H. (1983) 
Response of soybean to ozon~sulfur dioxide mixtures. In: 
1981 Ann. Rept. EPA-600/3-88-049. National crop loss 
assessment network (NCLAN). Corvallis Environ. 
Research Lab., US-EPA, Corvallis, Oregon, USA. 

[15] HoughtonJ.T.,JenkinsG.J. andEphraumsJ.J. (eds)(1990) 
Inter-governmental Panel on Climate Change. Working 
group 1. Climate Change, the IPCC Scientific Assessment. 
Cambridge, Cambridge University Press, UK. 

[16] Kropff M.J. (1987) Physiological effects of sulphur dioxide. 
1. The effect of SO2 on photosynthesis and stomatal regu- 
lation of Vicia faba L. Plant, Cell and Environ. 10, 753-760. 

[17] Krupa S.V. and Kickert R.N. (1993) The greenhouse effect: 
The impacts of carbon dioxide (CO2), Ultraviolet-B (UV-B) 
radiation and ozone (O3) on vegetation (crops). Vegetatio. 
1041105, 321-328. 

[18] Lee E.H., Heggestad H.E. and Bennett J.H. (1982) Effects 
of sulfur dioxide fumigation in open-top field chambers on 
soil acidification and exchangeable aluminum. J. Environ. 
Qual. 11, 99-102. 

[19] Machler F. and Nosberger J. (1980) Regulation of ribulose 
bisphosphate carboxylase activity in intact wheat leaves by 
light, CO2, and temperature. J. Expt. Bot. 31, 1485-1491. 

[20] Meng F.M., Bourque C.P.A., Belczewski R.F., Whitney 
N.J. and Arp P.A. (1995) Foliage responses of spruce tree 
to long-term low-grade sulfur dioxide deposition. Environ. 
Pollut. 90, 143-152. 

[21] Mott K.A. (1990) Sensing of atmospheric CO, by plants. 
Plant, Cell and Environ. 13, 731-737. 

[22] Miller J.E., Smith H.J., Sprungel D.G. and Xerikos P.B. 
(1979) Yield responses of field grown soybeans to an acute 
SO2 exposure. Radiological Environ. Res. Div. Ann. Rept., 
Argone Natl. Lab., ANL-78-65, Part III. 

[23] Miller J.E. and Xerikos P.B. (1979) Residence time of sul- 
phite in SO 2 sensitive and tolerant soybean cultivars. 
Environ. Pollut. 18, 259564. 

[24] Mulchi C.L., Slaughter L., Saleem M., Lee E.H., Pausch 
R. and Rowland R.A. (1992) Growth and physiological 
characteristics of soybean in open-top chambers in response 
to ozone and increased atmospheric CO2. Agr. Ecosys. and 
Environ. 38, 107-118. 

[25] Muller R.N., Miller J.E. and Sprugel D.G. (1979) Photo- 
synthetic response of field-grown soybeans to fumigations 
with sulphur dioxide. J. Appl. Ecology 16, 567-576. 

[26] Niewiadomska E. and Miszalski Z. (1995) Does CO2 mod- 
ify the effect of SO2 on variegated leaves of Chlorophytum 
comosum (Thunb) Bak? New Phytol. 130, 461-466. 

[27] Prior S.A. and Rogers H.H. (1995) Soybean growth 
response to water supply and atmospheric carbon dioxide 
enrichment. J. Plant Nutr. 18, 617-637. 

[28] Rao M.V. and De Kok L.J. (1994) Interactive effects of 
high CO2 and SO2 on growth and antioxidant levels in 
wheat. Phyton (Horn) 34, 279-290. 

[29] Rennenberg H. and Polle A. (1994) Metabolic conse- 
quences of atmospheric sulphur influx into plants. In: R.G. 
Alscher and A.R. Wellburn, eds., Plant Responses to the 
Gaseous Environment. Chapman and Hall, London, UK, 
pp. 165-180. 

[30] Rogers H.H. and Dahlman R.C. (1993) Crop responses to 
C O  2 enrichment. Vegetatio. 104/105, 117-131. 

[31] Rudorff B.F.T., Mulchi C.L., Daughtry C.S.T. and Lee 
E.H. (1992) Effects of enriched carbon dioxide and ozone 
stress on canopy reflectance and grain yield in winter wheat. 
Proc. 1992 ASPRS/ACSM Global change. August 3-8, 
1992, Washington D.C., Remove sensing and data acquisit 
4, pp. 108-115. 

[32] RudorffB.F.T., Mulchi C.L., Lee E.H. Rowland R.A. and 
Daughtry C.S.T. (1995) Effects of 03 and SO2 on leaf 
characteristics in soybean under ambient- and enriched car- 
bon dioxide atmosphere. Proc. Europ. Syrup. on Opt. for 
Environ. and Public Safety 2503, 89-101. 

[33] Sage R.R. and Reid C.D. (1994) Photosynthetic response 
mechanisms to environmental change in C3 plants. In: R.E. 
Wilkinson, ed., Plant-Environment Interactions. R.E. Mar- 
cel Dekker, New York, Basel, Hong Kong, pp. 413-499. 

[34] Sandhu R., Li Y. and Gupta G. (1992) Sulphur dioxide and 
carbon dioxide induced changes in soybean physiology. 
Plant Science 83, 31 34. 

[35] Sharkey T.D., Socias X. and Loreto F. (1994) CO2 effects 
on photosynthetic end product synthesis and feedback. In: 
R.G. Alscher and A.R. Wellburn, eds., Plant Responses to 
the Gaseous Environment. Chapman and Hall, London, 
UK, pp. 57-78. 

[36] Spedding D.J. (1969) Uptake of sulphur dioxide by barley 
leaves at low sulfur dioxide concentration. Nature 224, 
1229-1231. 

[37] Takemoto B.K. and Noble R.D. (1982) The effects of short- 
term SO2 fumigation on photosynthesis and respiration in 
soybean Glycine max. Environ. Pollut. 28, 67-74. 

[38] Tausz M., De Kok L., Stulen I., Grill D. (1996) Physio- 
logical responses of Norway spruce trees to elevated CO2 
and SO2. J. Plant Physiol. 148, 362-376. 

[39] Weber J.A., Tingey D.T. and Anderson C.P. (1994) Plant 
response to air pollution. In: R.E. Wilkinson, ed., Plant 
Environment Interactions. Marcel Dekker, New York, 
Basel, Hong Kong, pp. 357-399. 


